Bench-scale wet-milling tests for wheat flour are available for the traditional processes of Martin and Batter, but tests for the high-shear processes of Alfa-Laval/Raisio, Hydrocyclone, and High-Pressure Disintegration are few in number. In this study, critical processing parameters of a high-shear wet-milling process, namely high-shear mixing, gluten-aging, and gluten-washing steps, were investigated using response surface methodology, and those parameters led to a bench-scale wet-milling test starting with a ''highly sheared flour-water dispersion'' (HS-FWD). Optimum conditions for the test were: a waterflour ratio (db) of 1.7, water temperature of 35°C, and homogenizer speed of 6000 rpm for 2.0 min in the high-shear mixing step, a temperature of 40°C for 20 min in the gluten-aging step, and glutenwashing of 2.0 min in the Glutomatic system. The HS-FWD wet-milling test with high level of repeatability was capable of discriminating wet-milling qualities of several hard, soft, and coarsely ground wheat flours.
Introduction
Wheat has become a significant raw material for the coproduction of wheat starch and vital wheat gluten via wet-milling, especially in Europe during the last several decades (Lindhauer, 1997; Witt, 1997; Sayaslan, 2004) . Wheat starch and vital gluten are used in numerous food, pet-food, and nonfood applications (Maningat et al., 1994; Bergthaller, 1997; Maningat and Seib, 1997) . Wet-separation and purification of gluten proteins and starch granules from wheat flour are based principally on differences in their aggregation, particle sizes, and sedimentation rates (Sayaslan, 2004; Van Der Borght et al., 2005) .
Five commercial wet-milling processes, namely the Martin (dough-washing), the Batter, the Alfa-Laval/Raisio, the Hydrocyclone, and the High-Pressure Disintegration (HD) processes, have been employed to produce wheat starch and vital gluten, and those wet-processes start with flour rather than wheat kernels (Seib, 1994; Maningat and Bassi 1999; Sayaslan, 2004) . The Martin and Batter processes are considered old traditional processes, whereas the other three are relatively new (Meuser et al., 1989; Sayaslan, 2004) .
In the traditional processes, separation of flour components starts with a stiff dough (Martin process) or a slack batter (Batter process), then proceeds with kneading of the dough and/or screening to separate starch granules from gluten ''curds'' (Roels et al., 1998a,b; Sayaslan, 2004; Van Der Borght et al., 2005) . In the Martin process, the gluten proteins are strongly aggregated during dough ($40% mc) mixing to form sheets of gluten strands that enmesh other dough components. The gluten proteins are also aggregated in the mixed Batter ($65% mc) due to the warm water ($50°C) added in the mixing step (Anderson, 1967 (Anderson, , 1974 Fellers, 1973; Knight and Olson, 1984; Seib, 1994) . However, in the modern-day processes, separation starts with a ''highly sheared flour-water dispersion'' (HS-FWD) or a ''moderately sheared dough-water dispersion'' (MS-DWD), wherein a reduced degree of gluten development is affected. The dispersion proceeds to centrifugation, where starch granules sediment through a matrix of relatively thin gluten strands (Sayaslan, 2004) .
Of the modern-day processes, the Alfa-Laval/Raisio and the HD processes both begin with a HS-FWD, whereas the Hydrocyclone process begins with a MS-DWD. The HS-FWD and MS-DWD apparently possess thin and relatively short threads of gluten together with many free starch granules that are dispersed in water (Sayaslan, 2004; Sayaslan et al., 2010) . The mechanical and fluid shear forces used in those processes accomplish two important tasks. First, the indigenous association between starch granules and protein matrix in a flour particle is replaced by an association with water. Second, mixing causes hydrated gluten molecules to collide and aggregate into threads that align in the shear field (Verberne and Zwitserloot, 1978; Zwitserloot, 1989; Meuser, 1994; Witt, 1997; Bergthaller et al., 1998) . As opposed to the traditional processes, in which gluten proteins are aggregated into curd-sizes during mixing, the high-shear forces used in the modern-day processes restrict the size of gluten aggregates to thin 0260-8774/$ -see front matter Ó 2012 Elsevier Ltd. All rights reserved. doi:10.1016/j.jfoodeng.2012.02.018 thread-shaped particles having lengths in the micro to millimeter range (Robertson and Cao, 1998a,b; Sayaslan et al., 2010) . Due to the advantages of reduced water usage and shortened residence time during processing, the modern-day processes are preferred over the traditional ones by the wheat wet-milling industry (Sayaslan, 2004; Van Der Borght et al., 2005) .
Several bench-scale and/or pilot-scale tests are available to assess wet-milling quality of wheat flour by the Martin (Schafer, 1975; Godon et al., 1983) and the Batter processes (Weegels et al., 1988; Hamer et al., 1989; Wang et al., 2002 Wang et al., , 2003a Wang, 2003) . However, test methods for the modern-day shear processes are few. Bergthaller et al. (1998) and Lindhauer and Bergthaller (2002) reported a ''mixer test'' to simulate the high-shear processes starting with 100 g of flour. However, the sheared flourwater mixture was treated in the ''mixer test'' as practiced in the Batter process (dilute the sheared mixture with warm water and allow gluten aggregation in the presence of all flour components) as opposed to that practiced in the modern-day processes (centrifuge and separate a protein-rich fraction from which gluten is aggregated). Bergthaller et al. (1998) also devised a pilot-scale test (20 kg of flour) starting with a special mixing unit that was reported to be of a screw design and capable of continuously shear mixing the flour with water to give a flowable dispersion. The resulting HS-FWD was fractionated using a 2-phase decanter centrifuge of pilot-scale size.
Given the release of numerous wheat varieties each year, plus the breeding of waxy and high-amylose specialty wheats in recent years, and the preference of high-shear processes by the wet-milling industry, it is important that bench-scale high-shear wet-milling tests be available. The aims of this research were to investigate the critical parameters in a high-shear wet-milling test for wheat flour, and design a bench-scale (<100 g of flour) HS-FWD wet-milling test to differentiate the wet-milling qualities of flours.
Materials and methods

Materials
A regional baking standard (RBS) flour for pan bread with 11.8% protein (14% mb), obtained from the USDA/ARS Grain Marketing and Production Research Center (GMPRC), currently the Center for Grain and Animal Health Research, Manhattan, KS, was used to devise the HS-FWD wet-milling test. Four hard red winter wheats, namely Karl 92, Jagger, 2137, and TAM 110, which, respectively had extra strong, strong, medium, and weak dough-mixing properties ( Fig. 1) , were obtained from the Agricultural Experiment Station of Kansas State University, Manhattan, KS. A hard red winter wheat (Chisholm) flour with extra long mixing time ( Fig. 1) was provided by the USDA/ARS GMPRC, Manhattan, KS. A soft red winter wheat (AT 91W) flour (Fig. 1) was acquired from the USDA/ARS Soft Wheat Quality Laboratory, Wooster, OH. A coarsely ground commercial flour milled through a short-flow dry-milling process ( Fig. 1) was from Midwest Grain Products, Inc., currently MGP Ingredients, Inc., Atchison, KS. All wheat samples were tempered at 15.5% moisture for 16 h and roller-milled to straight-grade flours on a Buhler experimental mill (M202, Buhler Co., Uzwil, Switzerland).
General methods
Moisture contents were determined by AACC Method 44-15A (AACC, 2000) . Dry-solid contents of the water-solubles fractions were determined by oven-drying of an aliquot (20 mL) at 105°C for 3 h after water was evaporated from the sample at 80-90°C overnight. Dry-solid contents of the fiber fractions were determined by oven drying of the whole fractions ($20 g) at 105°C
for 3 h. Protein (Nx5.7) contents of the RBS flour and of wet-milling fractions were determined by the FP Protein/Nitrogen Analyzer (Leco Corp., St. Joseph, MI). Total starch and damaged starch contents of the RBS flour and starch fractions were assayed by AACC Methods 76-13 and 76-31, respectively, using assay kits from Megazyme International Ireland Ltd., Wicklow, Ireland. Insoluble polymeric protein contents of flours were determined by the method of Bean et al. (1998) . Soluble proteins and water-soluble solids in a flour at 35°C were determined as follows: flour (10.0 g, db) and water (100 mL at 35°C) were combined in a 250-mL centrifuge bottle, shaken at a medium speed for 10 min in a reciprocal water bath (Precision Instruments, Winchester, VA) maintained at 35°C. The slurry was centrifuged at 2500g for 15 min, and an aliquot of the supernatant was assayed for protein and dry-solids. Mixing properties of flours were determined by AACC Method 54-40A using a 10-g mixograph (National Manufacturing Co., Lincoln, NE). The mixograms were interpreted as described by Finney and Shogren (1972) . Scanning electron micrographs (SEM) of freezedried samples of a flour-water dough, a moderately sheared dough-water dispersion (MS-DWD), and a highly sheared flour-water dispersion (HS-FWD) were acquired with a Hitachi S-3500N (Hitachi Science Systems, Ltd., Tokyo, Japan) scanning electron microscope operated at 5 kV. 2.3. Development of a bench-scale HS-FWD wet-milling test 2.3.1. Optimization of the ''high-shear mixing'' step in the HS-FWD wet-milling test A three-way (3 independent variables with 3 levels each) response surface methodology (RSM) was used, where the RSM design (Table 1 ) specified a total of 20 randomized experimental runs (Walker and Parkhurst, 1984) . Three factors, namely water/ flour (W/F) ratio, water temperature, and homogenizer speed (shear), were selected as the independent variables. Each variable consisted of three levels: W/F ratios (db) of 1.4, 1.7, and 2.0, water temperatures of 20, 27, and 34°C, and homogenizer speeds of 2500, 5000, and 7500 rpm. The homogenizer was a Model Pro 350PC from Pro Scientific, Monroe, CT, and the shearing (homogenization) time was fixed at 2.0 min based on initial trials. Flour was at room temperature. Measured responses were the temperature of the HS-FWD after homogenization, recovery of starch in the Astarch fraction, and recovery of protein in the gluten fraction. The recovery of starch (%) was calculated as follows: 100 (mass of starch fraction) (weight fraction of starch in starch fraction)/(mass of flour) (weight fraction of starch in flour). The recovery of protein was calculated in a similar fashion. The collected data were analyzed by RSM-PlusÓ Enhanced Response Surface Methodology Analyzer and General Equation Modeler (AEW Consulting, Lincoln, NE) software to fit to a second-order (quadratic) multiple regression model for each response
) and standard error of estimate for models that reflect the goodness of the fit of the data to the models.
Details of the wet-milling test, outlined in Fig. 2 , are as follows: flour (65.0 g, db) and water (amount and temperature as per experimental design) were measured. Approximately one-half of the water was placed in a 250-mL clear wide-mouth centrifuge bottle (Cat. No. 05-432A, Fisher Scientific, Chicago, IL) and then the flour followed by the remaining water were added. In that manner, formation of lumps of flour on the bottom of the centrifuge bottle was prevented. The flour and water were gently blended with a spatula for 5-10 s and the slurry was subjected to high-shear mixing with a homogenizer (Model Pro 350PC) equipped with a 37-mm diameter rotor-stator generator at speeds of 2500, 5000, or 7500 rpm (as per experimental design) for 2.0 min. During the homogenization stage, the centrifuge bottle was manually moved vertically at about 30 cycles per minute. The temperature of the HS-FWD was recorded upon completion of the shearing. The rotor-stator generator was rinsed by a water stream ($20 mL, 25°C) from a wash bottle and the washings were added to the bottle containing the dispersion. After the solids concentration of the HS-FWD was adjusted to $27% solids by adding $55 mL of water at 25°C, the centrifuge bottle was capped and the contents mixed by inverting the bottle manually 10 times. The HS-FWD was then centrifuged at 2500g for 15 min using a swinging-bucket rotor (Model JS 7.5) centrifuge (Model J2-21, Beckman Coulter, Inc., Palo Alto, CA). Three major phases became visible in the centrifuge bottle: a water-solubles phase (top), a protein-rich phase (middle), and a starch phase (bottom). The top water-solubles phase was decanted and saved to combine with other water-solubles generated during the process. It was noted that the protein-rich phase was topped by a thin layer of sedimented gel, which was probably comprised of small and damaged starch granules along with insoluble-pentosans. The thin gel phase was not clearly visible but was readily differentiated manually by its soft texture as opposed to the strong elastic nature of the underlying gluten proteins. At the bottom of the protein-rich phase and Table 1 Response surface methodology (RSM) models of the high-shear mixing step for the temperature of the sheared flour-water dispersion, the recovery of starch in the A-starch fraction and the recovery of protein in the gluten fraction in the highly sheared flour-water dispersion (HS-FWD) wet-milling test on the RBS wheat flour. atop the starch phase was a thin layer of fiber. The protein-rich phase together with its thin gel atop was carefully scraped off with a spatula, then slurried with 100 mL of water at 25°C. After aging (maturing) at 40°C for 20 min, the mixture was added atop a set of lm sieves were combined and divided in two equal portions. The two portions were added each to a Glutomatic washing chamber fitted with a 88-lm opening screen. The Glutomatic instrument (Model 2200, Perten Instruments North America, Inc., Reno, NV) had been prerun for 20 s before mounting the chambers because the dough-mixing step normally used to isolate gluten from flour was omitted. The instrument was put on hold at the starting time of the gluten-washing step and the chambers containing the gluten concentrate phase were mounted. The gluten isolation and purification step was then initiated and continued at a preset water stream of 50-60 mL/min for 2.0 min. The wet gluten portions retained inside the two chambers were combined together, then added to two other gluten streams, one from the gluten recovered on top of two sieves (425 and 250 lm) after the vibratory wet-sieving of the gluten washings, and the other from the wet-sieving of the slurry of the starch phase. The combined wet glutens were placed in a thick-walled centrifuge bottle, expanded to several volumes under low pressure, and finally dried on a freeze-dryer (Flexi-Dry/MP, TMS Systems, Inc., Stone Ridge, NY). The dried gluten fraction was ground on a Thomas Wiley Mill (Cat. No. 08-338, Fisher Scientific) to pass through a 420-lm opening sieve. The dried gluten fraction was analyzed for moisture and protein.
The starch phase was mixed uniformly in 75 mL of water by vigorous hand-shaking. The slurry was subjected to wet-sieving at full amplitude (3.0 mm) on the vibrating sieve-shaker. The 425-and 250-lm screens retained mostly small gluten particles, which were combined with the wet gluten generated by the Glutomatic washing as described above. The 63-lm screen retained mainly the fine fiber and insoluble pentosans, which were called fiber fraction. After adding the slurry to the top screen, tap water was sprayed on the top screen at a rate of $700 mL/min during the first 30 s of wet-sieving. The rinse water was turned off and sieving continued another 90 s. The throughs were collected and transferred to two 250-mL bottles and centrifuged (2500g for 10 min). The supernatants in the bottles were decanted and added to the water-solubles fraction. The sediments in the bottles were slurried in water (75 mL each) and then combined in one bottle. After centrifugation, the supernatant was removed and combined with the water-solubles fraction. The top thin layer ($1 mm thick) of the sedimented solids, often called tailings, was carefully removed with a spatula and combined with the throughs (washings) generated by the Glutomatic washing of the gluten. The sedimented starch was dried in a forced-air convection oven (35-40°C) and ground on a laboratory mill (Model A-10, Tekmar-Dohrmann, Mason, OH) for 15 s to produce the A-starch fraction, which was assayed for protein and moisture. The starch content of a particular starch fraction was calculated to be 100 minus the sum of protein and moisture content.
The throughs from the Glutomatic separation were subjected to vibratory wet-sieving. The overs on the top two screens (425 and 250 lm) became part of the gluten fraction, whereas those atop the 63-lm screen were part of the fiber fraction. The throughs from the vibrating sieves were transferred to two 250-mL bottles and centrifuged. The supernatants in the bottles were decanted and combined with the water-solubles phase, while the sediments in the bottles were slurried in a total of 200 mL of water and the slurry placed in one centrifuge bottle. After centrifugation, the supernatant was combined with the water-solubles, while the sediment, called the B-starch fraction, was oven-dried (35-40°C), ground, and analyzed for moisture and protein. An aliquot (20 mL) of the total water-solubles, which contained all supernatants and totaled about 1800-2000 mL, was heated in an oven at 80-90°C overnight to evaporate water and the residue was dried at 105°C for 3 h. The residual dry-solid was a mixture of watersolubles plus particulate material, but was simply termed the water-solubles. The residue that remained on the 63-lm sieve after sieving the fractions was collected and dried at 105°C for 3 h. That residue was the fiber fraction.
Optimization of the ''gluten-aging'' step in HS-FWD wet-milling test
For optimization of the gluten-aging step in the HS-FWD wetmilling test, a two-way (2 independent variables with 3 levels each) RSM design was followed (Table 2) . Two factors, namely temperature of water added to the protein-rich phase in the beaker and aging time, were selected as the independent variables. Each variable consisted of three levels: water temperatures of 25, 35, and 45°C and aging times of 1, 25, and 45 min. The flour used was the RBS, and the high-shear mixing step on the slurry of flour (65 g, db) and water (100 mL, 35°C) was always done at 6000 rpm for 2 min. Also, the amount of water added to the protein-rich phase in the beaker was fixed at 100 mL based on initial trials. The recovery of flour protein in the gluten fraction was measured as the response. The collected data were analyzed by the RSMPlusÓ software to fit to a quadratic multiple regression model
. After centrifugal fractionation of the HS-FWD and decanting the top liquid phase (Fig. 2) , the protein-rich phase was scraped off and transferred to a 250-mL beaker with 100 mL of water at 25, 35, or 45°C as per the experimental design. The beaker was placed in a water bath that was maintained at 25, 35, or 45°C, and the mixture was rested without agitation for 1, 25, or 45 min as per the experimental design. Upon completion of gluten-aging, the contents of the beaker were poured atop the vibrating screens (425, 250, and 63 lm) and the overs (gluten aggregates) on the 425 and 250- lm sieves were collected and processed in the Glutomatic as previously described. The wet glutens retained on the two washing chambers of the Glutomatic were combined, freeze-dried, and ground as described above.
Moderately sheared dough-water dispersion (MS-DWD) wetmilling test
For the MS-DWD test, which resembles the Hydrocyclone process, the wet-milling procedure of Pomeranz (1993, 1995) was modified (Sayaslan, 2002; Sayaslan et al., 2006 Sayaslan et al., , 2010 . RBS flour (65.0 g, db) was divided into two equal portions and mixed to doughs in two consecutive batches in a 35-g mixograph (National Manufacturing Co., Lincoln, NE) at optimum water absorption (63.2%, 14% mb) and optimum mixing time (4.0 min). The doughs were combined and placed in a 300-mL capacity bowl of a Waring blender containing 115 mL of water at 15°C. After a 30-min resting period, the dough and water were mixed rapidly in the Waring blender for 1.0 min at full speed. The so-called MS-DWD was then transferred to a 300-mL centrifuge bottle and centrifuged at 2500g for 15 min. The vital gluten, A-starch, Bstarch, water-solubles, and fiber fractions were isolated and purified as in the HS-FWD wet-milling test. The protein-rich phase collected upon centrifugation of the dough-dispersion was washed in the Glutomatic without a maturation step.
Dough-washing (Martin) wet-milling test
Starting with 65.0 g (db) of flour, a dough was prepared in the same manner as in the MS-DWD method (Sayaslan, 2002; Sayaslan et al., 2010) . The dough was covered with a wet cloth and rested at room temperature for 1 h. The rested dough-ball was hand-washed under a stream of water at 25°C ($100 mL/min) with a total water usage of 750 mL. The wet gluten was freeze-dried and ground as described in the HS-FWD test method. The starch milk was wetsieved on a 63-lm sieve to collect the fiber, and the throughs were centrifuged (2500g/10 min) in six 250-mL bottles. The supernatants were decanted and saved, and the sediments were slurried with water (150 mL total) in one bottle and centrifuged. After decanting the supernatant and combining with the previous one, the upper pigmented layer (4-5 mm) was scraped off with a spatula and saved, while the sediment was slurried with 150 mL of water and centrifuged. The supernatant was combined with the others, and the combined supernatant was sampled for assay of water-solubles and protein. The upper pigmented layer ($1 mm) was scraped off and combined with the previous one to give Bstarch, while the sediment was recovered as the A-starch fraction. Both starch fractions were dried and ground as described previously and assayed for protein and moisture contents.
Statistical analyses
All analyses were carried out at least in two replications and the means were compared by the least significant difference (LSD) multiple comparison test at a = 0.05 level in one-way analysis of variance (ANOVA), using the Statistical Analysis System Software (SAS Institute, Inc., Cary, NC).
Results and discussion
Properties of RBS flour and microstructures of flour-water dough and sheared dispersions
The RBS flour used to design the HS-FWD test had the average properties of a straight-grade hard wheat flour with 11.8% protein (14% mb) and 4.7% damaged starch (14% mb). The mixograph data ( Fig. 1) and baking properties of the RBS flour, published elsewhere by Sayaslan et al. (2010) , were as follows: optimum water absorption of 63.2% (14% mb), optimum mixing time of 4.0 min, mixing tolerance of 4 out of 6 (satisfactory), 100-g flour pup-loaf volume of 885 cc and crumb grain score of 4 out of 6 (satisfactory).
As shown in Fig. 3 , high-shear mixing forces were required to separate the RBS flour components during centrifugation of its flour-water dispersion. When the flour-water mixture was hand-shaken in a centrifuge bottle without high-shear mixing and then centrifuged, only two phases were observed (Fig. 3a) . However, when that flour-water mixture was subjected to highshear forces, as in the HS-FWD test, and then centrifuged, a clear separation of three major phases was observed; the top supernatant phase, a middle protein-rich phase, and a bottom starch phase (Fig. 3b) . It is apparent that the high-shear mixing step of the HS-FWD wet-milling test, wherein the flour and water were mixed at high speed, broke the cohesive forces between starch granules and protein matrix in the flour particles, leading to the release of individual gluten threads and starch granules into the aqueous medium.
SEM photomicrographs of the optimally mixed flour-water dough, MS-DWD, and HS-FWD are shown in Fig. 4 . In the dough that was mixed at optimum water absorption and mixing time, the gluten was aggregated to form a continuous sheet-like structure that tightly enmeshed the discontinuous starch granules (Fig. 4a) . When that dough was rapidly mixed with an excess of water in a blender to form the so-called MS-DWD, the sheet-like network was transformed to thick thread-shaped particles of gluten with most starch granules freed of gluten (Fig. 4b) . Those gluten threads were observed to be irregularly shaped and sized, and under a centrifugal field, those large-sized particles would sediment together with starch and cause inefficient separation of protein and starch. In the case of the HS-FWD, where the flour and water were highly sheared directly without forming a dough, the gluten network was observed to be an assembly of interconnected gluten threads (Fig. 4c) . During the centrifugal separation, the fine network of the gluten threads was relatively buoyant and allowed most of the starch granules in the dispersion to pass through and form the almost pure starch phase at the bottom (Fig. 3) . Fig. 3 . Centrifugal separation (2500g/15 min) of a non-sheared flour-water slurry and a highly sheared flour-water dispersion (HS-FWD).
Modeling of the ''high-shear mixing'' step in the HS-FWD wetmilling test; recoveries of starch and protein in the A-starch and gluten fractions
Based on the prior work (Zwitserloot, 1989; Meuser, 1994; Witt, 1997; Bergthaller et al., 1998) and the initial trials in this study, three sensitive steps were identified that affect the recoveries and purities of A-starch and gluten fractions in a HS-FWD process. They are the high-shear mixing of flour and water to give a flourwater dispersion, aging or maturation of the protein-rich phase obtained after centrifugal fractionation of a HS-FWD, and isolation and washing of the gluten fraction to remove contaminants. In this work, RSM regression equations generated from the experimental data had coefficients of determination (R 2 ) of 0.95 for A-starch recovery and 0.65 for protein recovery without gluten aging (Table 1 ). The marginal goodness of fit of the regression equation for protein recovery is due mostly to the narrow range (66-72%) of protein recoveries. It was found that 14% of the RBS flour proteins were soluble in water at 35°C. Therefore, the maximum protein recovery in the gluten fraction from the RBS flour would be approximately 86%.
Contour plots of the responses modeled in the high-shear mixing step of the HS-FWD test on the RBS flour are shown in Fig. 5 . The temperature of the highly sheared flour-water dispersion immediately after shearing varied from 26 to 43°C (Fig. 5a ). The temperature of the sheared dispersion increased with increasing water temperature and shear rate, but the water-flour ratio had little influence on the temperature of the sheared dispersion.
Recovery of the starch in the purified A-starch fraction depended mostly upon shear rate up to $6000 rpm, above which starch recovery reached a plateau (Fig. 5b) . However, increasing the water temperature from 27 to 34°C decreased the recovery of A-starch by about 6%, perhaps because of added swelling of starch granules leading to an increase in their buoyancy, or because of excessive strengthening of the gluten network at the elevated temperatures. The latter argument is supported by the increased recovery of protein in the gluten fraction as the temperature of the water added to flour was increased in the mixing step (Fig. 5c ).
According to Meuser (1994) , the gluten fibers that were created during high-shear mixing of flour and water aggregate into a porous network during subsequent centrifugation. The network is relatively buoyant and its elasticity during centrifugation is a crucial factor to the success of the centrifugal separation. During centrifugation individual starch granules are thought to stretch a microzone in the gluten network until it fails, which allows the granule to pass through and sediment. Upon the passage of the granule, the micro-zone of the network reforms connections between gluten threads thereby reestablishing the elasticity of the network. For an efficient separation of more than 50% of starch from the gluten, the elasticity of the network during centrifugation must be low enough to allow passage of starch granules in many micro-zones, yet large enough to resist collapse of the matrix on a macro-scale. Excessive aggregation of gluten proteins during the high-shear mixing step can increase protein recovery, yet at the same time decrease starch recovery because the thicker gluten threads would interfere with passage of starch granules through the network. The recovery of flour protein in the gluten fraction was quite low (Fig. 5c) , ranging from about 66-72%, as opposed to the theoretical maximum of 86%. In the RSM experiment to model the highshear mixing of flour and water (Table 1) , the protein-rich phase that was collected upon centrifugation of the HS-FWD was not aged or matured. Based on the assumption that aging of the gluten-rich phase might give more complete aggregation of proteins in the gluten fraction, another RSM optimization experiment was conducted as discussed below.
Modeling of the ''gluten-aging'' step in the HS-FWD wet-milling test; protein recovery in the gluten fraction
The recovery of starch in the A-starch fraction was over 80% when a HS-FWD was prepared from a highly sheared dispersion at a W/F ratio of 1.7, shear rate of 6000 rpm, and water temperature of 25°C (Fig. 5a) . Under those conditions, 72% of flour proteins were recovered in the gluten fraction by immediately processing the protein-rich phase in the Glutomatic system for 2.0 min (Fig. 5b) . However, protein recoveries in the gluten fractions of a commercial high-shear process have been reported to range from 75% to 85%, often above 80% (Maijala, 1976; Dahlberg, 1978; Witt, 1997) . In order to increase protein recovery in the HS-FWD wet-milling test, the protein-rich phase was subjected to aging, a step that is reportedly used in the industrial high-shear process of Raisio (Kerkkonen et al., 1976; Maijala, 1976; Dahlberg, 1978) .
Using the afore-mentioned conditions in the high-shear mixing step that gave high (>80%) recovery of starch in the A-starch fraction, an RSM model with an R 2 of 0.97 was developed based on the time and temperature conditions used to age the protein-rich phase (Table 2 and Fig. 6 ). When the protein-rich phase was aged in added water at 30-45°C for 10-30 min without agitation, $75% recovery of flour proteins was achieved in the gluten fraction as opposed to 72% recovery without aging. At those aging conditions, the wet-gluten fraction was observed to be a cohesive with high elasticity, whereas it became too extensible at prolonged holding (>30 min) of the protein-rich phase in water at temperatures above 40°C. Also, even a slight agitation of the protein-rich phase during aging promoted disaggregation of the gluten particles and caused lower protein recovery. Perhaps addition of extra water (100 mL) to the protein-rich phase ($60 g, wb), which was done to control temperature, negatively impacted the gain in gluten recovery. The RSM modeling of the high-shear mixing step indicated that increasing the temperature of water added at the high-shear mixing step from 20 to 34°C improved protein recovery (Fig. 5c ) with a slight reduction in starch recovery (Fig. 5b) in the A-starch fraction. Table 1 ). The flour used in the experiments was the regional baking standard (RBS) flour.
After setting the aging conditions of the protein-rich phase at 40°C for 20 min, a series of experiments were conducted to determine whether increasing water temperature from 25 to 40°C in the high-shear mixing step would influence recovery of flour protein in the gluten fraction (Fig. 7) . During this series of experiments the W/F ratio was kept at 1.7, mixing speed at 6000 rpm, and mixing time at 2.0 min. As the water temperature was increased from 25 to 35°C, the protein recovery increased from $75 to 79%. Further increasing water temperature to 40°C did not significantly change the protein recovery (P > 0.05). The recovery of the A-starch fraction was slightly reduced (83% vs. 80%) as the temperature of the water added to the flour increased from 25 to 40°C. Witt (1997) showed in an industrial high-shear wet-milling process that aging (15 min) of a flour-water dispersion prepared by a high-pressure homogenizer prior to fractionation in a three-phase decanter centrifugation gave the best separation of the A-starch and the protein-rich phases. In this study, aging of the HS-FWD for 15 min as opposed to no-aging gave no statistically significant differences (P > 0.05) in the recoveries of protein and starch in the gluten and starch fractions (data not shown).
Based on the above findings, the following process conditions for the bench-scale HS-FWD wet-milling test were chosen as optimum: W/F ratio of 1.7, water temperature of 35°C, and homogenizer speed of 6000 rpm for 2.0 min in the high-shear mixing step; gluten-aging temperature and time of 40°C and 20 min, respectively, in 100 mL of water; and a gluten-washing time of 2.0 min in the Glutomatic system fitted with 88-lm opening sieves. Although variations in the W/F ratio had limited influence on the recoveries and purities of the fractions (Fig. 5) , a W/F ratio of 1.7 was favored based on the ease of handling a dispersion during the homogenization and centrifugal fractionation steps.
Repeatability of the HS-FWD wet-milling test
The HS-FWD wet-milling test at the optimized conditions showed a high level of repeatability (Table 3 ). The coefficients of variation (CV) for the recoveries of the five wet-milling fractions and their purities ranged from 0.7 to 12.1%. The CV values for recovery of flour protein in the gluten fraction and recovery of starch in the A-starch fraction, which are the two most important fractions in wet-milling of wheat flour, were 0.9 and 1.7%, respectively.
Comparison of three wet-milling tests
The wet-milling data from the HS-FWD test were compared to those from the MS-DWD and the Martin dough-washing tests (Tables 4 and 5), where all three tests were done on 65 g of the RBS flour. The distribution of flour solids in the wet-milling fractions of the three tests are given in Table 4 . Total solids recovered in all wet-milling tests were above 98%. The Martin test gave the highest recoveries of solids in the gluten and A-starch fractions. The HS-FWD and MS-DWD tests gave similar recoveries of solids in their gluten fractions, but the recovery of solids in the A-starch fraction was lower in the MS-DWD. In the high-and medium-shear tests, the levels of flour solids in their water-solubles fractions were slightly elevated (Table 4) .
The HS-FWD and MS-DWD tests gave similar recoveries (78-79%) of protein in their gluten fractions with similar purities ($83% protein content) (Table 5 ). However, the Martin doughwashing test, which involved minimal shear during processing, gave a higher recovery (86.7%) of protein in the gluten fraction containing 84.4% protein. The increased protein recovery in the gluten fraction of the Martin test likely occurred because much of the water-soluble proteins (14%) of the RBS flour became associated with the gluten fraction. On the other hand, the reduced recovery of protein in the HS-FWD and MS-DWD test may be explained by the high-shear forces employed in those processes during the preparation of the sheared dispersions prior to centrifugation, which caused the soluble-proteins to be dispersed and possibly some of the gluten particles to became so small in size that they were lost to the B-starch fraction. The insoluble polymeric protein contents of the HS-FWD and the RBS flour were comparable (40.9 vs. 42.2%), indicating that high-shear mixing of flour and water did not cause extensive solubilization of insoluble proteins.
A higher level of protein (4.6%) was recovered in the B-starch fraction of the HS-FWD test than in the MS-DWD (1.6%) and Martin dough-washing (2.0%) tests (Table 5) . Also, approximately 30% more protein was recovered in the water-solubles fractions of the HS-FWD and MS-DWD tests than that in the Martin doughwashing method (14.8 vs. 9.5%). It was reported that almost all globulins and up to one-half of albumins might be present in the Table 2 ). The flour used in the experiment was the regional baking standard (RBS) flour.
gluten fraction isolated by the Martin test, because of their physical entrapment and disulfide bonding (Pence et al., 1956) . Fane and Fell, as cited by Rausch (2002) , reported that 16% of total flour protein was not recovered in the gluten fraction isolated by the Martin process, which translated into a protein recovery of 84% in the gluten fraction.
In terms of the recovery of starch in the A-starch fraction, the Martin test was the best (89.4%), followed by the HS-FWD (80.3%) and MS-DWD (71.8%) tests (Table 5 ). In the Martin test, the A-starch fraction was obtained by centrifugation of the starch milk that contained both the A-starch and B-starch fractions that were washed from a dough mass with copious amounts of water, and therefore some B-starch that would otherwise be recovered in the B-starch fractions of the HS-FWD and MS-DWD tests was recovered in the A-starch fraction of the Martin test. The MS-DWD test gave significantly lower A-starch recovery (71.8%) than the HS-FWD test (80.3%) because the centrifugal separation of the MS-DWD was not as sharp as for the HS-FWD. Large aggregates of gluten with entrapped starch granules occurred in the MS-DWD as shown in Fig. 4 . The A-starch fractions obtained by the three wet-milling tests all contained similarly low levels of contaminating proteins (0.20-0.24%), which was within the industrially acceptable range. The recoveries of dry-solids and starch in the B-starch fractions were inversely associated with those in the Astarch fractions (Tables 4 and 5 ).
The properties of starches and vital glutens isolated by the three wet-milling tests, which were published elsewhere (Sayaslan et al., 2010) , were quite comparable. Damaged starch levels (1.6-2.1%, db) and RVA pasting properties of the A-starch fractions isolated by all wet-milling tests were found similar, indicating that starch was not damaged during the shear treatments in the HS-FWD or MS-DWD tests. Similarly, the breadmaking qualities of the vital glutens isolated by the wet-milling methods were determined to be comparable, suggesting that gluten proteins were not damaged nor altered during the shear treatments.
3.6. Application of the HS-FWD wet-milling test to wheat flours with varying gluten strength 3.6.1. Wet-milling of hard wheat flours by the HS-FWD wet-milling test
The HS-FWD wet-milling test at the optimized conditions (Fig. 2) was used to evaluate the wet-milling properties of five hard wheats with different mixing properties, namely Karl 92, Jagger, Table 4 Recovery of flour solids in the five wet-milling fractions from the RBS wheat flour using the highly sheared flour-water dispersion (HS-FWD), moderately sheared dough-water dispersion (MS-DWD) and dough-washing (Martin) wet-milling tests a . 2.0 min in the high-shear mixing step; gluten-aging temperature and time of 40°C and 20 min, respectively, in 100 mL of water; and gluten-washing time of 2.0 min in the Glutomatic in two washing chambers fitted with 88-lm opening sieves. 2137, TAM 110 and Chisholm (Fig. 1) . As compared to the RBS, Karl 92 had a much stronger dough-mixing property while Jagger had a similar dough-mixing profile. Flours of 2137 and TAM 110 showed relatively weak dough-mixing properties. On the other hand, Chisholm flour had an unusually long mixing time (14 min) due probably to its low protein content. Fig. 8 shows photographs taken after the centrifugation of the HS-FWD of the RBS and five hard wheat flours, plus those of two additional flours, prepared by the optimized HS-FWD wet-milling test. The levels of A-starch sediments and the sharpness of their demarcations from the protein-rich phases (Fig. 8 ) correlated positively with the dough-mixing properties of the hard wheat flours (Fig. 1) . Karl 92 and Chisholm flours showed the highest proportion of sedimented A-starch phase while 2137 and TAM 110 showed the lowest. The HS-FWD of Jagger had intermediate behavior. It appears that when the HS-FWD from a flour having strong dough-mixing characteristics is subjected to centrifugal force, the fine-meshed gluten network that forms in the centrifugal field probably is strong and resists collapsing. The resistance to collapse allows more of the large starch granules to pass through the mesh resulting in a high level of sedimented starch. In the case of the flours with weak dough-mixing characteristics, however, the gluten network in their HS-FWD apparently suffers some collapse in the centrifugal field, which inhibits sedimentation of the large granules to the bottom phase. The collapse of a weak gluten network also may explain the less clearly defined demarcation plane between the starch and the protein-rich phases (Fig. 8) . Table 6 summarizes wet-processing data for the hard wheat flours obtained by the HS-FWD wet-milling test. Recoveries of flour protein (78.8-82.2%) in the gluten fractions isolated from all hard wheat flours were comparable to that of the RBS flour (78.8%), except for the reduced protein recovery (71.8%) from Chisholm flour. However, protein concentrations in the gluten fractions isolated from the weak flours were generally lower than those of the flours with strong dough-mixing characteristics. All flours gave A-starch fractions with similar purities (0.22-0.24% protein), but the recoveries of starch in the A-starch fractions of 2137 (64.2%) and TAM 110 (66.6%) were much lower than from the other flours (76.8-89.0%). Recoveries of starch in the B-starch fractions followed an inverse trend to the recoveries in the A-starch fractions for all flours. Similar recoveries (>98.5%) of flour solids summed in the five wet-milling fractions were achieved from all flours ( Table 6 ).
The results indicate that the aggregation characteristics of the gluten proteins in a HS-FWD influence the fractionation of flour components in their wet-processing by a high-shear wet-milling process. Flours with strong dough-mixing characteristics appear to give strong porous gluten networks upon high-shear mixing, and such a dispersion maintains a porous gluten macrostructure without collapse for an extended period of time in a centrifugal field. Consequently, separation of the large starch granules from the protein-rich phase occurs more efficiently. The more starch that is removed in the first centrifugation step, the easier it is to isolate and purify the gluten fraction. It is well-known that the large starch (A-type) granules in most wheat flours account for about 70% of total starch.
Wet-milling of a soft wheat flour by the HS-FWD wet-milling test
A soft red winter wheat (AT 91W) flour with 12.2% protein (14% mb) was wet-milled by the optimized HS-FWD test. The mixogram (Fig. 1) of the soft wheat flour indicated a mellow gluten strength in dough-mixing, typical of soft wheat flours. When the HS-FWD of the soft wheat flour was centrifugally fractionated, separation of the phases was comparable to that of the RBS flour (Fig. 8) . The soft wheat flour gave similar wet-milling results to the RBS flour (Table 6) , except for the reduced purity of the gluten fraction. The gluten fraction was probably contaminated with starch and pentosans, as evidenced by the reduced recoveries of starch and solids in the A-starch and water-solubles fractions, respectively. The wet gluten of the soft wheat was also observed to stick to the Glutomatic sieve during washing, indicating weaker gluten characteristics typical of soft wheats.
3.6.3. Wet-milling of a coarsely ground wheat flour by the HS-FWD wet-milling test
In the industrial wet-processing of wheat flour, a short-flow dry-milling process to produce coarsely ground flour is desirable to reduce mechanical damage to starch granules and to reduce the cost of dry-milling (Maningat and Bassi, 1999) . A flour sample produced by a short-flow dry-milling process (78.0% flour yield from wheat) with coarse particles was wet-milled by the HS-FWD wet-milling test. The coarsely ground flour had a higher level of bran contamination than the straight-grade flours as indicated by its high ash content (0.77%, 14% mb).
The coarsely ground flour produced a mixogram comparable to that of the RBS flour (Fig. 1) . When the highly sheared dispersion of the coarsely ground flour was centrifuged, a thick layer of fiber/ bran fraction was observed between the bottom starch phase and the slower sedimenting protein-rich phase (Fig. 8) . A reduced volume of starch was separated from the dispersion of the coarse flour as compared to that seen for the RBS flour (Fig. 8) . Although total recoveries of flour solids in the five wet-milling fractions were similar, the coarsely ground flour gave significantly lower recoveries of protein in the gluten fraction and of starch in the A-starch fraction (Table 6) . Also, the purities of those fractions were significantly reduced. Not surprisingly the fiber fraction isolated from the coarsely ground flour was six times higher than that from the RBS flour due to the higher bran content of the coarsely ground flour. The reduction in the recovery of protein from the coarsely ground flour might be caused at least in part by its relatively high content of nongluten proteins. It is well-known that as the flour yield increases in the dry-milling so does the level of nongluten proteins from the aleurone and bran layers. Those contaminating proteins lack the aggregation trait of endosperm gluten proteins. Most of those nongluten proteins are water-soluble, and as seen in Table 6 , they became part of the water-solubles fraction rather than the gluten fraction during wet-processing. Another reason for the reduced recovery of protein is that the high-shear mixing step was inadequate to completely disaggregate some of the large flour particles into free starch granules and gluten threads. The reduction in the recovery of starch in the A-starch fraction from the coarse flour was attributed to its high level of bran fiber. Bran particles, observed to be swollen and bulky in the HS-FWD, likely interfered with the sedimentation of starch granules during the centrifugal fractionation step. In an industrial high-shear process that uses coarsely ground flour, the flour-water slurry should be sieved prior to high-shear mixing, which was practiced in the pilot-scale HD process of Meuser (1994) starting with whole-wheat flour.
Conclusions
A bench-scale wet-milling test starting with a highly sheared flour-water dispersion (HS-FWD) was devised. The test was conducted on 65 g (db) of flour and yielded five wet-milling fractions: gluten, A-starch, B-starch, fiber, and water-solubles. The equipment required for the test includes a rotor-stator mixing homogenizer, a vibrating wet-sieve set, a floor-model centrifuge, and a gluten-washing instrument. The optimized HS-FWD wet-milling test differentiated the wet-milling qualities of several hard, soft, and coarsely ground wheat flours with varying dough-mixing properties. All flours gave quantitative recoveries of solids in the five fractions of the HS-FWD test. However, the A-starch fractions, all of which contained 0.2-0.3% protein, accounted for 64-89% recovery of flour starch, and the gluten fractions, containing 60-90% protein, accounted for 61-81% recovery of flour protein.
